Germline mutations in SDHD, a mitochondrial complex II (succinate dehydrogenase) subunit gene at chromosome band 11q23, cause highly penetrant paraganglioma (PGL) tumors when transmitted through fathers. In contrast, maternal transmission rarely, if ever, leads to tumor development. The mechanism underlying this unusual monogenic tumor predisposition pattern is poorly understood. Here, we describe identification of imprinted methylation within an alternative promoter for a large intergenic non-coding RNA located at a distant gene desert boundary flanking SDHD. Methylation at this site primarily occurs within two consecutive HpaII restriction enzyme sites in a tissue-specific manner, most commonly in the adrenal gland. Informative fetal tissues and PGL tumors demonstrate maternal allelic hypermethylation. While a strong binding site for the enhancer-blocking protein CTCF within the alternative promoter shows no evidence of methylation, hyper-methylated adrenal tissues show increased binding of the chromatin-looping factor cohesin relative to the hypo-methylated tissues. These results suggest that the differential allelic methylation we observe at this locus is associated with altered chromatin architectures. These results provide molecular evidence for imprinting at a boundary element flanking the SDHD locus and suggest that epigenetic suppression of the maternal allele is the underlying mechanism of the imprinted penetrance of SDHD mutations.
INTRODUCTION
Hereditary paraganglioma (PGL) is characterized by the development of highly vascularized neuroendocrine tumors, including pheochromocytomas, derived from paraganglia of neural crest origin. Paraganglia, particularly the carotid body, are highly sensitive to oxygen-deprivation and hence play an important role in physiological adaptation to hypoxia. PGL is caused by inherited mitochondrial defects in succinate dehydrogenase structural or regulatory subunits. The mutations often involve SDHB on chromosome band 1p35 (PGL4), SDHC on chromosome band 1q13 (PGL3), SDHD on chromosome band 11q23 (PGL1) or SDHAF2 (SDH5) on chromosome band 11q13 (PGL2) (1, 2) . PGL mimics the paraganglia's neoplastic response to chronic hypoxia and PGL tumors develop following somatic loss of the wild-type SDH allele, consistent with a classical tumor suppressor role for the SDH genes (3) .
PGL is unusual among monogenic cancer predisposition syndromes in that the tumor risk strictly depends on a paternal transmission of mutations in SDHD and SDHAF2 (2,4 -6) .
The evidence of parent-of-origin-dependent penetrance is especially strong for SDHD mutations. Although diverse mutations were described in many large pedigrees, the development of histopathologically proven PGLs has yet to be demonstrated upon maternal transmission of an SDHD mutation (7) . This transmission pattern suggests maternal genomic imprinting (suppression) of SDHD. However, molecular evidence of imprinting at the long arm of human chromosome 11 is lacking. Although sex-specific imprinted expression of Sdhd has been implicated in the mouse brain (8) , the penetrance of human SDHD mutations is not sex-specific and the SDHD heterozygous knockout mice show no phenotypic evidence of PGL or imprinting (9, 10) . It has been shown that as little as a 20% change in the expression of a tumor suppressor gene can alter tumor predisposition (11) . Thus, we hypothesized that tissue-specific quantitative imprinting of SDHD conferring subtle allelespecific expression differences could explain the parent-of-origin-dependent penetrance of its mutations. Therefore, in this study, we sought epigenetic evidence of imprinting that was identified in other well-studied imprinted loci, including differentially methylated CpG island (CGI)-like regions (DMRs), highly expressed large non-coding RNAs and strong CTCF-cohesin binding sites (12) .
RESULTS

Analysis of domain imprinting at the SDHD locus
SDHD is located in a 1038 kb genomic region that contains at least 30 genes (UCSC hg19 version). At its telomeric end, this gene-rich region is flanked by a 669 kb gene desert that lacks coding genes, CGIs and appreciable transcriptional activity. Gene-poor regions .500 kb compose 25% of the human genome and are thought to contain important regulatory elements (13) . Because imprinted genes tend to cluster in domains, we first tested for domain imprinting in the gene-rich region containing SDHD. We screened several CGIs including promoters of DIXDC1, SIK2 and SDHD in fetal tissues by methylation-sensitive Southern blot analyses and found no evidence of methylation (Supplementary Material, Table S1 and Fig. S1 ). Bisulfite sequencing of the SDHD promoter showed only focal and low-level methylation (Supplementary Material, Fig. S1 ). Similarly, expressed polymorphism analyses of several regional genes including POU2AF1, SIK2 and IL18 showed biallelic expression (Supplementary Material, Table S1 ). These results did not support domainwide imprinting effects at the SDHD locus and are consistent with the lack of known imprinted phenotypes mapped to this domain in the human or mouse.
Identification of a large non-coding RNA at telomeric gene-desert boundary
Large regulatory non-coding RNAs transcribed downstream of imprinted coding gene promoters are a characteristic of wellstudied Igf2/H19 and Igf2r/Airn loci (12) . Thus, we searched for a non-coding RNA in the 3 ′ -region of the SDHD promoter. We identified a large intergenic non-coding RNA (lincRNA) which is located 206 kb telomeric to SDHD and borders the 669 kb distal gene desert (Fig. 1A) . The lincRNA (CR616845) is transcribed in the same direction as SDHD (i.e. centromeric to telomeric), lacks long open reading frames, is primarily comprised of two exons, and is alternatively spliced and polyadenylated (Fig. 1B) . We termed this lincRNA as UPGL (Untranslated in ParaGanglioma Locus). Northern analysis showed robust expression of UPGL with a major transcript being 1 kb in length ( Fig. 2A) . We tested the major promoter CGI of the UPGL gene and found no evidence of significant methylation by methylation-sensitive Southern analysis or by bisulfite sequencing in five fetal adrenal glands (Supplementary Material, Fig. S2A ).
Because the SDHD/UPGL arrangement resembles that of the imprinted Igf2/H19 locus in that the upstream gene is protein-encoding and paternally (over)expressed, whereas the downstream gene is a highly expressed and spliced lincRNA, we hypothesized that a DMR exists upstream of the UPGL promoter similar to that found at the H19 locus. We identified a CGI-like sequence 9.5 kb upstream of the UPGL promoter. Database and reverse transcriptase -PCR (RT -PCR) analyses indicate that this CGI functions as an alternative UPGL promoter where transcripts with an alternate exon 1 originate (Fig. 1B) .
Evidence of imprinting at a boundary element
We evaluated 31 CpG dinucleotides within this CGI-like sequence that spans two canonical CGIs measuring 292 bp (CGI#1) and 294 bp (CGI#2), respectively, and an intervening truncated long interspersed nuclear elements (LINE) repeat measuring 251 bp. Methylation-sensitive Southern blot analysis revealed partial methylation at two HpaII restriction sites in CGI#2 (CpG#12 and CpG#13) in fetal brain, but not in lung or lymphoblastoid cell lines ( Fig. 2B and Supplementary Material, Fig. S2B ). High-resolution methylation analysis by bisulfite PCR, cloning and sequencing confirmed significant methylation (.30% of the clones) of one or both HpaII restriction sites in four of four fetal adrenal glands and in four of five fetal brains, but not in fetal lung (n ¼ 1), heart (n ¼ 1) and adult brain (n ¼ 1) (Fig. 3B and Supplementary Material, Fig. S3 ). Joint analysis of the brain and adrenal glands showed that the CpG methylation primarily targeted the two tandem HpaII sites at CpG#12 and CpG#13 (Fig. 3A) , which approximately correspond to the alternative exon 1 transcript start sites. We also confirmed partial methylation of these two CpGs in purified adult adrenal medulla tissues by bisulfite PCR and direct sequencing (Supplementary Material, Fig. S4) . Notably, the fetal adrenal gland, brain and adult adrenal medulla are related to paraganglionic tissues by function, embryology and histology.
We further evaluated the most methylated CpG, CpG#13, for imprinting. Bioinformatic tools predict that CpG#13 is located within a consensus sequence (5 ′ -CCGGAAG-3 ′ ) for 'E-twenty six' family of transcription factors including GA binding protein/nuclear respiratory factor 2 (GABPa/NRF2) (14) , which regulates many nuclear-encoded mitochondrial genes (15) and whose loss leads to depression of mitochondrial activity (16) . Although the SDHD promoter strongly binds GABPa/NRF2, a recent chromatin immunoprecipitation assay coupled with massively parallel sequencing (ChIP-Seq) shows no evidence of binding to the UPGL alternative promoter (17) . Notably, CpG#13 is juxtaposed to a LINE repeat, which are often enriched in imprinted loci (18) . We found statistically significant differences in allelic methylation rates in all four polymorphic fetal adrenal samples (Fig. 3B) . Maternal decidual tissue informative for one of the heterozygous samples established that the hypermethylated allele was maternal (Supplementary Material, Table S2 ).
Previously, SDHD was shown to be biallellically expressed in the fetal brain, kidney and lung (4). We also observed biallelic SDHD expression in adrenal gland (n ¼ 4) and in placenta (n ¼ 3). To test allelic expression of the UPGL gene, we performed RT -PCR and sequencing analyses using expressed polymorphisms identified in seven fetuses. We observed biallelic expression in the adrenal gland, lung, kidney, skin and brain tissues from six fetuses. However, significant allelic imbalance and mono-allelic expression were observed in the fetal kidney, adrenal gland and heart, but not in skin in one fetus (Fig. 3C ). Maternal decidual tissue was not available to determine the parental origin of the expressed UPGL allele.
SDHD-related PGL tumors provide an alternative tool to evaluate parental origin of the hypermethylated allele in the UPGL alternative promoter because these tumors develop after loss of the normal maternal SDHD allele, often by deletion of the whole maternal chromosome 11 (3) . We compared the UPGL alternative-promoter methylation patterns in SDHD and non-SDHD-related PGL tumors. Direct sequencing and loss of heterozygosity (LOH) analyses confirmed loss of normal (maternal) alleles on chromosome 11q23 in SDHD-mutation positive tumors consistent with earlier data (Fig. 4B ). Bisulfite PCR, cloning and sequencing analyses of six SDHD-related, four SDHB-related and two apparently sporadic SDHD/SDHB-negative PGL tumors showed the UPGL alternative-promoter CpG#13 methylation in one SDHB-related (35% methylation) and one sporadic tumor (24% methylation). All SDHD tumors showed low levels (,6%) of methylation (Fig. 4A ). These results suggest that the UPGL alternative-promoter CpG#13 retains methylation in a subset of non-SDHD-related tumors but not in SDHD-related tumors consistent with hypermethylation of the maternal allele which is lost during SDHD-related tumor development.
Differential methylation in the UPGL alternative promoter is associated with different chromatin architecture CTCF-binding regions coinciding with differentially methylated CGIs, especially those at antisense or alternative promoters, are significantly enriched in imprinted genes (19) . For example, the DMR upstream of the H19 locus is a methylation-sensitive CTCF-binding site and determines outcome of an enhancer competition between the Igf2 and H19 genes (20, 21) . A previous genome-wide chromatin immunoprecipitation and genomic tiling arrays (ChIP-chip) analysis uncovered a strong CTCF-binding site over a very high scoring CTCF recognition sequence within the UPGL CGI#1, 350 bp upstream (centromeric) to the CpG#13 (Fig. 3B) (22) . Here, the specific chromatin immunoprecipitation signal was as large as the imprint control region near the H19 promoter. We performed ChIP analyses and confirmed strong CTCF binding in CGI#1 (Fig. 5A ) in both adrenal and lung tissues. However, in contrast to the expectations from the Igf2/H19 locus, we found no evidence of significant CpG methylation in the CTCF-binding site in any normal tissue or in PGL tumors (Figs 3A, B and 4A).
Cohesin is a chromatin-associated protein complex that co-localizes with CTCF and enables isolation of enhancer and promoters in the Igf2/H19 region (23). We found that RAD21, a cohesin subunit, shows increased binding to CGI#1 in the hypermethylated fetal adrenal tissue relative to the fetal lung and brain (Fig. 5B) . PCR amplification of RAD21 immuno-precipitated DNA from one fetal adrenal gland (2028) following HpaII or MspI restriction enzyme digestion showed amplification only after HpaII digestion, suggesting that cohesin binds to methylated DNA (Fig. 5C ). Because the lung and brain show lower rates of methylation in the UPGL alternative promoter than the adrenal gland ( Fig. 3B and Supplementary Material, Fig. S3 ), these results suggest that the unmethylated HpaII sites may have role in preventing cohesin loading at this CTCF-binding site.
The boundary elements are conserved among primates but not in the mouse
The imprinting status of most genes is conserved between the mouse and human (24) . However, we found no evidence of the UPGL alternative promoter or UPGL orthologues in the mouse syntenic region on central chromosome 9 (25) , although the gene desert and the flanking protein-coding genes, Plet1 and Ncam, were conserved between the mouse and human. In contrast, UPGL, the UPGL alternative promoter and the CTCF-binding sites are present in primates (Supplementary Material, Fig. S5 ). These results indicate that the UPGL alternative promoter and UPGL are non-conserved genomic elements which could play a role in the imprinted penetrance of SDHD mutations observed in humans but not in mice. 
DISCUSSION
Genomic imprinting confers different functional properties to maternal and paternal alleles, resulting in asymmetric parental contributions to progeny. The influence of genomic imprinting in disease susceptibility is well recognized in developmental disorders, such as Prader-Willi/Angelman syndrome (26) . The tumor susceptibility associated with the Beckwith -Wiedemann syndrome is also influenced by parent-of-origin effects (27) . The imprinting defects associated with these disorders are often caused by gross genetic changes such as large deletions, chromosomal translocations and/or epigenetic changes which alter the imprinting status of multiple genes in large imprinted domains. The mechanisms underlying the imprinted penetrance of SDHD and SDHAF2 mutations, both on the long arm of chromosome 11, are poorly understood, because these PGL genes do not reside in known imprinted domains and molecular evidence of imprinting has been lacking.
In this study, we have identified several factors which collectively support imprinting within an alternative promoter of a lincRNA (UPGL) located at the boundary between the SDHD locus and a flanking gene desert. These factors include differential methylation and an outstanding CTCF-binding site within a CGI as well as increased cohesin binding in the methylated adrenal tissue, suggesting Figure 3 . Evidence of imprinting at the UPGL alternative promoter. (A) Average CpG methylation rates in the UPGL alternative promoter in the fetal adrenal gland (n ¼ 4) and fetal brain (n ¼ 5) reveals highest methylation in an HpaII restriction enzyme site (CpG#13). CpG graph displays mean + standard error of the mean (horizontal bars) for average methylation rates for each of the 31 CpGs. (B) Allelic methylation profiles in four heterozygous adrenal glands indicate statistically significant allelic methylation differences at CpG#13 in four informative cases (Fisher's exact test:
* P , 0.05, * * * * * P , 10 25 , * * * * * * P , 10 26 ). Allelic sequence variations are shown on the left. Each row demonstrates methylation rates in the CpGs in the allele defined by the sequence variation on left (Del/Wt or A/G). The del(GAA) variant removes one of the GAA triplets following CpG#13 without eliminating the CpG or the HpaII restriction enzyme site. In sample 2028 AM, maternal and paternal alleles could be assigned by the availability of an informative (homozygous AA) maternal decidual tissue. In fetus 2032, the methylation profile of each allele was derived from a different paraganglionic tissue: AM, adrenal medulla/gland, OZ, organ of Zuckerkandl (peri-aortic paraganglia). N indicates the number of PCR clones sequenced for each allele. Core CTCF-binding site is shown by a thick red bar, the extended binding site is shown by a thin red bar. (C) An expressed SNP (G/T) in UPGL exon 2 in one fetus reveals marked imbalance in allelic expression levels, revealing monoallelic expression of the G allele in the fetal adrenal gland and heart, imbalanced expression in the kidney and balanced expression in the skin. Because all tissues are confirmed to be heterozygous at the genomic level by sequencing, the allelic imbalances likely stem from allelic epigenetic differences.
that differential methylation at the UPGL alternative promoter is associated with different chromatin architectures at this locus. In a recent study, the co-occurrence of differential methylation, CTCF binding and distinct chromatin signatures in a locus resulted in marked enrichment for human imprinted genes (19) . In addition, we obtained direct evidence of imprinting by demonstrating asymmetric allelic methylation in four heterozygous specimens, one of which allowed us to establish maternal hypermethylation at the UPGL alternative promoter. Parental allelic asymmetry was also supported by analyses of SDHD tumors which showed no significant methylation at the UPGL alternative promoter, consistent with somatic maternal chromosomal losses that often occur as a second-hit in SDHD tumors (3) . In contrast, two of the six non-SDHD PGL tumors showed partial methylation at the UPGL alternative-promoter HpaII sites. Finally, in one of the seven heterozygous UPGL samples, mono-allelic expression is observed.
The epigenetic hallmarks of imprinting identified in this study draw similarities between SDHD/UPGL and the reciprocally imprinted Igf2/H19 genes, where enhancer competition between the upstream coding and the downstream non-coding genes is regulated by methylation at CTCF sites upstream of the non-coding H19 locus (20) . Unexpectedly, we found that the tissue-specific methylation at the UPGL alternative promoter does not involve a nearby strong CTCF site. Nevertheless, the preferential binding of cohesin to the methylated DNA in the adrenal tissue suggests that the methylation might regulate composition of proteins bound to this CGI promoter resulting in different allelic chromatin architecture. The methylation might either prevent binding of a transcription factor or attract a methyl-binding protein, resulting in a conformational change that allows cohesin binding. Alternatively, cohesin binding in the adrenal gland might reflect tissuespecific differences in composition of transcription factors bound to the alternative CGI. In support of this model, it has been recently shown that pluripotency factor OCT4 antagonizes cohesin loading at the CTCF-binding site in the HOXA locus and that loss of OCT4 in the differentiated neuronal progenitor cells results in loading of cohesin and chromosome looping (28) . Regardless of the exact mechanism, our results suggest an association between the UPGL alternativepromoter HpaII site methylation and cohesin binding.
Though more mechanistic work is needed, we speculate that CTCF-cohesin binding on the hypermethylated maternal allele creates an insulator that interferes with functional engagement of the SDHD promoter and a cis-acting element (enhancer) located within the gene desert. When the UPGL alternative promoter is hypomethylated on the paternal allele, lack of cohesin permits long-range interaction between an enhancer and the SDHD promoter. This differential allelic interaction may result in maternal downregulation of SDHD and the parent-of-origin-dependent tumor susceptibility. Partial inactivation of SDHD by imprinting might provide an advantage for early detection of hypoxia, because PGL tumors, where SDH is completely inactive, show constitutive activation of hypoxia-inducible pathways (1, 29, 30) . Further research is required to determine chromatin interactions involving SDHD and whether alterations of the epigenetic elements described here play a role in mitochondrial alterations and hypoxic adaptation in tumors.
MATERIALS AND METHODS
Samples and subjects
Normal fetal and adult tissues and PGL tumors were collected at University of Pittsburgh School of Medicine, Yale School of Medicine and National Institute of Health following protocol approvals by Institutional Review Board and Human Investigative Committees. Additional fetal adrenal glands were obtained from Maryland Tissue Bank. Adult adrenal medullary tissues were obtained from kidney resection specimens after gross dissection of the adrenal medullary tissues. A total of 75 fetal adrenal glands, 10 fetal brains, 30 adult adrenal medullas and 1 adult brain were available for polymorphism search and imprinting analysis in the UPGL alternative promoter, SDHD promoter and SDHD and UPGL transcripts. A subset of the fetal samples also included the fetal kidney, lung, heart, skin and muscle tissues. Because The results from ChIP-qPCR analysis of cohesin binding at the DMR using an antibody against RAD21, a component of cohesin. Three paired fetal lung and adrenal medulla tissues from three fetuses (numbers 2028, 2031, 2038) and two paired fetal brain and adrenal medulla tissues from two fetuses (numbers 138 and 27097) were analyzed by cohesin ChIP. The fold enrichment values are determined by determining the threshold cycle numbers for the ChIP DNA and input control DNA. In all experiments, the adrenal tissue shows increased RAD21 binding. Increased RAD21 binding is also noted in one of two fetal brains (number 138) consistent with frequent methylation at HpaII restriction sites observed in fetal brains. (C) Restriction enzyme digestion of the RAD21 ChIP DNA with HpaII or MspI (which both cut DNA at CCGG sites, but HpaII is blocked by CG methylation) and PCR analysis shows that Rad21 ChIP DNA is resistant to HpaII digestion, while PCR failed to amplify the specific product from MspI-digested ChIP DNA, suggesting that significant fraction of RAD21 bound DNA is methylated. (MW, molecular weight marker in base pairs. Lane '-' was not treated by restriction enzyme.) collecting normal paraganglionic tissues distributed in small clusters along major arteries and nerves is technically and practically difficult, we used primarily fetal brain and adrenal gland, as these tissues are embryologically, anatomically and functionally related to normal paraganglia. Notably, fetal adrenal gland is thought to function as a direct oxygensensor in utero (31) (32) (33) . Adrenal glands were sampled from internal part of the organ to enrich for adrenal medulla.
Maternal decidual tissues were also available for a subset of samples and were grossly obtained from the maternal side of fresh placentas. Maternal tissue enrichment in placental sections and the maternity is confirmed by genotyping with five highly polymorphic microsatellite repeats using a commercial kit from Corriell Institute for Medical Research (New Jersey, USA).
Mutation, polymorphism and methylation analyses DNA was extracted from tissues using a commercial kit (DNeasy, Qiagen) and quantified using a Nanodrop (Thermofisher Scientific). Polymorphisms and mutations were identified by PCR amplification and sequencing of the UPGL alternative promoter, SDHD promoters and UPGL, SDHD exons from genomic DNA using standard protocols. The UPGL alternative promoter was amplified using primers F5.U and R5.U (Supplementary Material, Table S3 ). The sequence files were analyzed using Sequencher software (Gene Codes Corporation, Ann Arbor, MI, USA).
Methylation analyses were initially performed by methylation-sensitive Southern blot analysis. Briefly, 10-20 mg of genomic DNA were first completely digested by a 6 bp cutter restriction enzyme (e.g. EcoRI, DraI) using 10-20 U enzyme per microgram. Subsequent to phenol/ chloroform extraction, the genomic DNA was re-digested either by CpG methylation-sensitive enzyme HpaII, or its methylation-insensitive isoschizomer MspI. Northern analyses were performed in commercial blots that contain 2 mg of RNA for each tissue (Clontech Laboratories). Radioactive hybridization probes were generated by PCR amplification of tested CGI and labeled by random priming.
High-resolution methylation analyses of CGIs were performed by first treating the genomic DNA with bisulfite and then subsequently amplifying one of the converted DNA strands by specific post-conversion primers. Bisulfite conversion was carried out with the EZ DNA Methylation Kit (Zymo Research) according to the manufacturer's instructions. Briefly, 1 mg genomic DNA was treated with the bisulfite reagent in a MJ Research Thermal Cycler using the following protocol: 10 min at 988C (denaturation), 30 min at 588C, eight cycles of 6 min at 538C and 30 min at 378C. The converted DNA was de-sulfonated, column purified and quantified for use as a PCR template. When necessary, the amplified DNA strand was chosen so that the alleles of heterozygous samples could still be distinguished after the bisulfite treatment. Bisulfite-treated DNA was amplified by two rounds of PCR using nested or semi-nested primer pairs. Primers were designed using sequences that spanned putative CGIs but contained 0 -1 CpG dinucleotides within the primer region. No CpG dinucleotides were allowed at the 3 ′ end of any primer. All cytosine residues in the primer sequence were coded as thymidine. The UPGL alternative promoter, where methylation was identified, was amplified in a nested PCR amplification using primers CGIALLMethy-F5/ CGIALLMethy-R5 in the first PCR and CGIALLMethy-F6/ CGIALLMethy-R6 in the second nested PCR (Supplementary Material, Table S3 ). The products were cloned into the pGEM-T Easy vector (Promega) and plated on LB-Amp plates. For each PCR reaction, individual colonies were used to inoculate 12 h LB-Amp cultures in 96-well plates which were submitted to Beckmann-Coulter Genomics for purification and sequencing.
In one of the heterozygous fetuses (2032), the methylation profile of each allele was derived from adrenal medulla/ gland and organ of Zuckerkandl (peri-aortic paraganglia), respectively (Fig. 3B) . Only one allele was represented in each tissue following multiple bisulfite treatment, PCR, cloning and sequencing experiments. Because genomic DNA was heterozygous in both tissues, skewed allelic representation is the most likely explanation for these results. Nevertheless, we compared the methylation profiles of each allele from two different tissues, because adrenal medulla/gland and organ of Zuckerkandl both belong to the histologically and embryologically related paraganglionic system.
Complementary DNA synthesis was performed using SUPERSCRIPT II (Life Technologies) and oligo(dT) primers; the recommended conditions were used. RT -PCR of UPGL cDNA templates was performed by 30 -33 cycles of amplification with primers ProbeF1/Rt-Rb (Supplementary Material, Table S3 ). PCR products were directly sequenced for allelic expression analyses. Transcriptional activity of the alternative promoter of the UPGL gene was confirmed by RT -PCR using primers Rt-Fa/Rt-Ra.
Bioinformatic analyses
We used two different software programs for robust identification of CGIs, regions .200 bp long that have observed/ expected CpG ratio .0.60 and percent C + percent G .50. Initial CpG screening of 80 kb sequence upstream of UPGL major promoter was performed by CpG plot software at http ://www.ebi.ac.uk/Tools/emboss/cpgplot/index.html. This software identified a 257 bp long CGI 9.5 kb upstream of the major promoter CGI of the UPGL gene. Further analyses of this CpG-rich region, after masking an internal LINE repeat by RepeatMasker (http://www.repeatmasker.org/), revealed two CGIs flanking each side of the repeat by CGI Searcher (http://cpgislands.usc.edu/). Interspecies sequence comparison was performed by ClustalW2 software at http://www.ebi.ac. uk/Tools/clustalw2/. All consensus gene sequences and genomic maps were obtained from UCSC Genome Bioinformatics Web site (http://genome.ucsc.edu/). Similarity between sequences was evaluated by BLAST software (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Transcription factorbinding sites in the promoters were searched by TFSEARCH software at http://www.cbrc.jp/research/db/TFSEARCH.html.
Chromatin immunoprecipitation assays
Chromatin immunoprecipitation was performed as described previously (22) . Briefly, sonicated chromatin was incubated with 10 mg of each antibody, coupled to Dynabeads (Invitrogen). The magnetic beads were washed eight times with RIPA buffer containing 50 mM HEPES (pH 8.0), 1 mM EDTA, 1% NP-40, 0.7% DOC and 0.5 M LiCl, supplemented with 1× complete protease inhibitors (Roche Applied Science), and washed once with TE (10 mM Tris at pH 8.0, 1 mM EDTA). After washing, the bound DNA was eluted by heating the beads to 658C in elution buffer (10 mM Tris at pH 8.0, 1 mM EDTA and 1% SDS). The eluted DNA was incubated at 658C for 12 h to reverse the cross-links. Following incubation, the immunoprecipitated DNA was treated sequentially with Proteinase K (Roche Applied Science) and RNase A (Sigma), and was desalted using the QIAquick PCR purification kit (Qiagen). The DNA concentration of the recovered ChIP samples was determined using Quant-iT PicoGreen reagent (Invitrogen) using a set of DNA concentration standards generated from the reverse cross-linked total chromatin sample. RAD21 antibody was obtained from Millipore, Billerica, MA.
Primers used for amplification of RAD21 DNA digested by HpaII and MspI (Fig. 5C ) were CGCCATTTGAAGCCGCG-CAT and CGTTCCTGCGGACCAAGGCA, which spans the UPGL alternative-promoter HpaII sites.
